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Voltage-Dependent Membrane Capacitance in Rat Pituitary Nerve
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ABSTRACT We investigated the voltage dependence of membrane capacitance of pituitary nerve terminals in the whole-
terminal patch-clamp configuration using a lock-in amplifier. Under conditions where secretion was abolished and voltage-
gated channels were blocked or completely inactivated, changes in membrane potential still produced capacitance changes.
In terminals with significant sodium currents, the membrane capacitance showed a bell-shaped dependence on membrane
potential with a peak at ~—40 mV as expected for sodium channel gating currents. The voltage-dependent part of the
capacitance showed a strong correlation with the amplitude of voltage-gated Na™ currents and was markedly reduced by
dibucaine, which blocks sodium channel current and gating charge movement. The frequency dependence of the voltage-
dependent capacitance was consistent with sodium channel kinetics. This is the first demonstration of sodium channel gating
currents in single pituitary nerve terminals. The gating currents lead to a voltage- and frequency-dependent capacitance,
which can be well resolved by measurements with a lock-in amplifier. The properties of the gating currents are in excellent
agreement with the properties of ionic Na™ currents of pituitary nerve terminals.

INTRODUCTION

Nerve terminals of magnocellular neurons secrete the hordefined depolarizing stimuli under voltage-clamp condi-
mones vasopressin (AVP) or oxytocin in response to elections. However, the capacitance measurement during depo-
trical stimulation. During stimulation Ca enters through larization is usually discarded because other voltage-depen-
voltage-dependent €& channels leading to fusion of se- dent phenomena affect the admittance of the cell or nerve
cretory vesicles with the cell membrane and discharge oferminal (Neher and Marty, 1982). One such contribution
hormones into the extracellular space. Patch-clamp capactomes from the kinetics of voltage-dependent currents
tance measurements (Neher and Marty, 1982) have bedCole, 1972). During lock-in measurements the activation of
used to monitor exocytosis from single nerve terminalsvoltage-dependent channels in response to a sinusoidal volt-
(Fidler Lim et al., 1990; Giovannucci and Stuenkel, 1997;age leads to frequency-dependent and phase-shifted cur-
Hsu and Jackson, 1996; Lindau et al., 1992). Because thents. These currents can produce apparent changes in ca-
plasma membrane capacitance is directly proportional to thpacitance and lead to misinterpretation of capacitance
plasma membrane area, the capacitance can be used dRanges measured with a lock-in amplifier (Debus et al.,
measure changes in plasma membrane area due to incorppgs). Major changes due to voltage-dependent currents
ration (exocytosis) or retrieval (endocytosis) of vesicleoccur in capacitance recordings when the kinetic rate con-
membrane (Neher and Marty, 1982). For high-resolutionstant ) of voltage-gated channels is similar to the angular
capacitance measurements typically a sine wave (800-Hzrequency ¢) of the sine wave (Cole, 1972; Debus et al.,
10-100-mV amplitude) is added to the command voltage1995). Depending on the kinetic properties of membrane
and the admittance is analyzed with a two-phase lock-izonductances, the expected amplitude of such phenomena
amplifier (Gillis, 1995; Lindau and Neher, 1988; Neher and¢agn be estimated (Debus et al., 1995).
Marty, 1982). At the correct phase setting the in-phase and | aqdition to the contribution from voltage-dependent
out-of-phase lock-in amplifier output signals change pro-cyrrents to the membrane capacitance, the capacitance of
portional to the changes in membrane conductance angeyrons shows voltage- and frequency-dependent contribu-
membrane capacitance, respectively (Neher and Martyions from gating currents arising from the charge redistri-
198_2)- ) ) bution in channel proteins that occur during transitions
Time-resolved capacitance measurements provide thetween conformational states (Armstrong and Bezanilla,
unique opportunity to measure the exocytotic response 19973, 1974; Bezanilla et al., 1991; Fernandez et al., 1982).
In chromaffin cells, after brief depolarizing pulses transient
capacitance increases were observed, which then slowly
Received for publication 16 June 2000 and in final form 21 Decemberratyrned to the baseline (Horrigan and Bookman, 1994).
2000. This phenomenon was reflecting a change in gating currents
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terminal configuration under conditions where exocytosistechnique (Gillis, 1995; Lindau and Neher, 1988; Neher and Marty, 1982),
was inhibited and ionic currents were blocked or inacti-except for the dibucaine experiments (see below). A continuous sine wave

vated. We found that under these conditions the nerVérms 10 mV, 800 Hz) was added to the command potential, and the current
’ output from the patch-clamp amplifier was fed into the lock-in amplifier.

terminal capacitance was V0|tage dEpendem in the rang{ some experiments frequencies of 400 Hz and 2 kHz were used to
between—120 and+40mV. The main contribution to this investigate frequency dependence. At correct phase setting, one lock-in
VoItage-dependent capacitance came from Blaannel gat-  output (v;) is sensitive to changes in membrane conductance whereas the
ing currents. other output \(,) is sensitive to changes in membrane capacitance (Gillis,
1995; Lindau, 1991, Lindau and Neher, 1988; Neher and Marty, 1982). A
change of 200 fF in the capacitance compensation of EPC-9 was used to
adjust the phase and to calibrate capacitance and conductance measure-
ments as previously described (Lindau, 1991; Lindau et al., 1992). The
whole-terminal current and command voltage, both filtered at 100 Hz (to
remove the sine wave), and the two outputs of lock-in amplifier were
Nerve terminals were prepared from adult Sprague-Dawley rats as desampled by an A/D converter every 25 ms. To measure voltage-dependent
scribed previously (Cazalis et al., 1987; Lindau et al., 1992). After decap-capacitance during lock-in recordings, voltage pulses (2-10 s) were given
itation, the neurohypophysis was isolated and placed in a physiologicafrom a holding potentialt;) of —82mV.
saline containing (in mM) 140 NaCl, 5 KCI, 5 NaHGO1 MgCl, 2.2 In experiments with dibucaine, capacitance changes were measured
CaCl, 10 p-glucose, 0.01% bovine serum albumin, and 10 HEPES (pHWwith the software lock-in implemented in the program Pulse Control
7.25 adjusted with NaOH) at 37°C. The neural lobe was isolated under &Herrington and Bookman, 1994). Sine wave frequency and amplitude
microscope and homogenized in 1000f a buffer containing (in mM) 270 ~ were 800 Hz and 30 mV, respectively. Capacitance was determined every
sucrose, 0.01 EGTA, and 10 HEPES (pH 7.25 adjusted Mithethylp- 50 ms.
glucamine hydroxide (NMG-OH)). The homogenate containing nerve ter-
minals detached from their axons was transferred into a recording chamber
with the bottom made of a glass coverslip. After terminals were allowed toMeasurements of Na™ currents
settle on the coverslip for 1 min, the chamber was washed with solution E1
(see below), which was also used as a bath solution for electrophysiologicdl0 investigate the relation between the’Naurrent and voltage-dependent
measurements. Under the microscope, nerve terminals appeared as smoé@pacitance, the Nacurrent was measured before the measurement of
spherical bodies with diameters of 2—fn. Terminals with diameter8  Voltage-dependent capacitance. One second before the pulse to measure
um were used for patch-clamp experiments witi h after the rat was  Vvoltage-dependent capacitance was given, the sine wave was switched off
decapitated. for 200 ms. During this period a 5-ms depolarizing pulse was given,to
= —22 mV. The current response evoked by this pulse was filtered at 29.9
kHz and sampled every 1is. Four hyperpolarizing pulse¥,{ = —97
mV, 5 ms) were also given and current responses stored. These currents
were later used for subtraction of leak and capacitive currents using
For patch-clamp experiments nerve terminals were initially placed instandard methods. A membrane potential-&2 mV was chosen because
external solution E1 containing (in mM) 100 NMG-CI, 5 KCI, 40 NaCl, 1 Na* currents were maximal at this pulse potential with the external
MgCl,, 2 CaCl, 15b-glucose, and 10 HEPES. After obtaining the whole- solution E2 used to block other voltage-dependent currents.
terminal configuration E1 was exchanged for solution E2 that contained (in ~ All experiments were done at room temperature (22-24°C). Data anal-
mM) 120 tetraethylammonium chloride, 20 4-aminopyridine, 25 NaCl, 1ysis was performed using the program IgorPro3 (WaveMetrics, Lake
MgCl,, 0.05 CaC}, 0.1 CdC}, 10 p-glucose, and 10 HEPES. In solution Oswego, OR). The correlation between the maximal amplitudes 6f Na
E2 4-aminopyridine was included to block the A current, tetraethylammo-currents and the membrane capacitance changes at given membrane po-
nium chloride to block other K currents, and Cd to block voltage-  tential was calculated by linear regression using IgorPro 3.
dependent G4 currents. Low [C&"] was used to minimize the €a
currents that were not completely blocked by’C¢Almers and McCles-
key, 1984). RESULTS

Internal (pipette) solution contained (in mM) 125 Cs-glutamate, 25
CsCl, 5 NaCl, 7 MgCJ, 2 ATP-Na, 0.1 EGTA, 0.03 cAMP, and 10 At a holding potential oF-82 mV nerve terminals showed
HEPES. High free [M§"] (~5 mM) was used to block slowly activating stable membrane capacitance and conductance. Fig. 1
voltage-dependent outward currents (Kilic et al., 1996). shows capacitance and conductance changes and the whole-

The osmolality of all solutions was adjusted to 300 mosM, and the PHyo a1 oy rrent evoked by a 10-s depolarization—t62
of all solution was 7.25. Liquid junction potential between pipette and . . .
external solutions was-12 mV. Membrane potentials were corrected for MV. Because pipette and bath solutions contained blockers
the liquid junction potential. of voltage-gated K and C&* channels, the only current

observed was the voltage-gated Neurrent pottom tracé.

. . Because the Nacurrent was completely inactivated within
Lock-in capacitance measurements a few tens of milliseconds, the long-lasting changes in
The whole-cell patch-clamp technique was used to perform experiments of@Pacitance and conductance trace cannot be attributed to
isolated nerve terminals. After obtaining whole-terminal configuration, the presence of voltage-dependent ionic currents. The ca-
compensation of membrane capacitance and access resistance was degcitance change also does not reflect exocytotic activity
using the EPC-9 (HEKA Electronics, Lambrecht/Pfalz, Germany) patch-because under the conditions employed here no significant

clamp amplifier. Capacitance and access resistance were 1.5-4 pF and , . . . .
7-12 MO, respectively. calcium influx is evoked. To quantify the apparent change

Capacitance changes were measured with a lock-in amplifier PAR 521601 membrane capacitance during a voltage pulse we mea-
(Princeton Applied Research, Princeton NJ) using the piecewise lineasured the capacitance changeC(,.) at 100 ms after the

MATERIALS AND METHODS

Preparation of nerve terminals

Solutions for electrophysiology
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FIGURE 2 Capacitance changes during 2-s pulses to various potentials.
Pulses were given to the potentials indicated at the top from a holding
potential of —82 mV. Hyperpolarizing ¥,, < —90 mV) and strong
depolarizing ¥,, > 0 mV) pulses decreased the capacitance. At pulse
potentials in the range-70 to 0 mV a capacitance increase is observed.
The initial spike in capacitance due to activation of voltage-gated Na
currents was truncated in the trace feb2-mV pulse potential. Baseline
capacitance of the nerve terminal was 3.3 pF.

100 pS

changesACy,., showed a clear voltage dependence being
I, positive for depolarizing potentials from 70 to —20 mV
and negative at hyperpolarized or very depolarized (
mV) potentials.

To test whetherACy, in pituitary nerve terminals is
related to Na channel gating currents we investigated the
4s correlation of the capacitance changes with the maximum

FIGURE 1 Depolarization-induced changes in membrane (:apa(:itancea,mpIItLIdes of Na cu_rrents (Na) induced by a 5-ms_ pU|Se to
conductance, and current when"Kand C&" channels were blocked. —22mV _teSt potentlz_al. At this membrane pOte_m"@él was
Nerve terminal was depolarized te52 mV for 10 s fop trac. A sine  largest with the solutions used here. Among different nerve
wave voltage (not shown) was superimposed throughout the recordingerminalsl,, was highly variablel,, could be as large as 1
Whole-terminal currentbottom tracg shows an inward spike originating nA or could be undetectable. Furthermore, during whole-
from the activation of voltage-gated Nachannels that also produced terminal recording the Nacurrent showed some run-down

spikes in capacitanceop trace and conductancenfiddle tracg. The .
spikes were truncated for better visualization of long-lasting capacitance(':lg' 3 A). Ina Was thus measudel s before each voltage

and conductance changes. As Naurrent inactivates, the changes in Pulse that was given to prolCg,., Fig. 3B shows a plot
capacitance+40 fF) and conductance-(L00 pS) persist throughout the  Of ACepVersusly, pooled from 14 nerve terminals for two
pulse. The early change in capacitand€(,.) was measured 100 ms after different test potentials. AV,, = —52 mV as well as at
the beginning of a pulse. The slow decrease in capacitad@.cl) v — _122 mV a clear correlation was observed between
observed during 10-s pulses was also quantified. Holding potential was, ™ L . . ..
—82 mV. To remove the sine wave, the whole-terminal current was filtere Cstepand Ina (solid “r_]es with correlation coefficients Of
at 100 Hz. 1.0 and—0.8, respectively. To ensure that the correlation
was not mainly due to the nerve terminal with the largest
ACqepandly,, we also performed linear regression omitting
onset of the voltage pulse. At this time the Neurrent was  the data from this terminatiéshed lines The slopes of the
fully inactivated and the resulting effects in the C-trace hadregression lines were not significantly different and the
completely ceased. Following the step-like increase theorrelation coefficients were 0.9 af,, = —52 mV and
capacitance trace shows a gradual decline during the pulse.0.55 atV,, = —122 mV, indicating that the correlation is
The extent of the decrease during the 10-s puls€.(,,) robust, at least a¥,, = —52 mV whereACyq,,is largest.
was also quantified. Upon repolarization the capacitance The correlation coefficientsr) obtained for various test
was slightly below the initial values and then slowly re- potentials are plotted versus test potential in Fig. 3n the
turned to the pre-pulse baseline (not shown). SimultarangeV,, from —70 to—10 mV the correlation was close to
neously occurring apparent changes in conductance varietl0. At hyperpolarized potentiald/( < —90mV) capaci-
between—200 and 200 pS and were not systematicallytance changes were negative and the correlation coefficients
studied here. were between-0.6 and—0.8, indicating a strong correla-
tion in this potential range. At more strongly depolarized
potentialsV,,, > —10 mV, AC,,was only weakly corre-
lated with the size of the Nacurrents. These results sug-
gest that Na channel gating currents contribute strongly to
To determine the dependence &€, 0on membrane po- AC.,but that there are also other contributions.
tential, shorter voltage pulses of 2-s duration were given to A correlation ofACg,andly, could occur accidentally
various test potentials (Fig. 2). The resulting capacitancé both are related to some third factor. An obvious possi-

30 pA

Capacitance depends on membrane potential
and Na* current
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FIGURE 3 Correlation of voltage-dependent capacitance with &la-
rent. @) Na* current amplitudes,, elicited by pulses to-22 mV in the
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bility would be total terminal membrane area. We thus
analyzed a possible correlation &fCg, with the total
membrane capacitance of the nerve terminal (FiQ).3The
difference is most obvious for the data points measured at
V,, = —52 mV. Linear regressionsflid line yields a
correlation coefficient of 0.37. The weak correlation exclu-
sively depends on the data from the terminal with the largest
ACgep Which was measured in the terminal with the largest
capacitance. If the data from this terminal is omitted in the
analysis, then the regression line yields a slope of 0 and a
correlation coefficient of 0.06 is obtained. For the data set
measured at-122 mV the correlation coefficients were
—0.53 and—0.13 when the largest terminal was included or
omitted, respectivelyACg, thus shows a much stronger
correlation withl, than with nerve terminal capacitance.

Further support thaACge,is due to Nd channel gating
currents was obtained using the Nehannel blocker dibu-
caine, which also blocks Nachannel gating currents (Gilly
and Armstrong, 1980; Horrigan and Bookman, 1994). In the
presence of 200.M dibucaineACy,,was completely abol-
ished. Fig. 4 shows one of three experiments that gave
similar results. To quantify the dibucaine effect two pulses
from —82 to —52 mV were first given in standard saline E2
followed by two pulses in the presence of 2aM dibu-
caine. Both pulses of a pair gave a similar response. The
average response in standard saline Wag,., = 32 = 11
fF (SD;n = 3). In the presence of dibucaieC.,was very
small and had a reversed sigrn§ = 2 fF, SD;n = 3).

To separate the voltage-dependent capacitance due to
Na" channel gating currents from other voltage-dependent
capacitance, we compared capacitance changes in a nerve
terminal having particularly large Nacurrents with those
measured in a nerve terminal that did not have any detect-
able N& current (Fig. 5A). The amplitude of the smallest
detectable current at 29.9 kHz bandwidth wak0 pA. The
voltage dependence aiCgy, in these two terminals is
shown in Fig. 5B. For the nerve terminal having no detect-
able Na current ppen circle$ ACgepwas very small at all
potentials from—120 to —70mV. At more depolarized
potentials a negativaACg.,appeared, reaching50 to —60
fF for test potentials>0 mV. The value of-8 fF at —52
mV agrees well with that obtained in the presence of dibu-
caine at the same potential. The voltage dependence of the
capacitance changes in this terminal that were not due to

Straight lines were fitted using all data poinsslid line§ and omitting the

data from the terminal with the largesCg,(dashed linegs Note a strong
positive correlation a¥,, = —52 mV and a negative correlation ¥, =

—122 mV. (C) Correlation coefficients obtained from the graphs a8in
plotted versus membrane potential. Note a strong positive correlation in the

nerve terminal of Fig. 2 decreases with time after obtaining whole-terminalpotential range from-70 to —10 mV. (D) Capacitance changesCy,
configuration. For the first few minutes of experiments the nerve terminalinduced by pulses te-52 mV (©O) and to—122 mV () as inB plotted
was not stimulated to allow complete exchange of external solution to E2versus total terminal capacitance. Straight lines were fitted to the two data

(B) Capacitance changeésCy,,induced by pulses te-52 mV (O) and to
—122 mV (1) compiled from 14 nerve terminals plotted vershg.

sets using all data pointsdlid lineg and omitting the data from the largest
terminal @ashed lines

Biophysical Journal 80(3) 1220-1229
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where the capacitance change is half-maximal. The fit re-
sults wereC’ = —61 fF,V' = —24 mV, andS = 16 mV.

The contribution of gating charges to the membrane
capacitance is generally voltage and frequency dependent,
and reflects the voltage-dependent kinetics of gating charge
movements. For a simple two-state model the capacitance
Cs (imaginary part of admittance divided lay = 2#f) due
to gating charge movement has the following form (Fernan-

- Dibucaine

40fF

&J + Dibucaine dez et al., 1983; Taylor and Bezanilla, 1979):
A SRRV AW Qs
CG = Ve —V.\’ (2)
h2 G m
1s 008 ( 25, )

FIGURE 4 Effect of dibucaine on voltage-dependent capacitance. ThevhereQg is the total gating charge available to mo%g,=
changes 1 Capaclance e eveOIR0 T epolazalons (29 om - KTlex a slope factorkthe Boltzmann constart the abso-
Acstep?sppositive, similar to Fig. 2ACy,,measured with the same protocol !UIe temperatureg the elementary charge, aadan exper-
after addition of dibucaine (20aM) was very small lower trace. imental parameter equal to the product of the valence of the
gating charge and the fraction of the field through which it
moves.V; is the potential at which half of the gating charge

Na' channel gating currentsAC,) could be well fitted is in each state and where the contribution to the capacitance

(dashed ||n¢ using a Bo]tzmann_type equation: is maximal (Taylor and Bezanilla, 1979) The CapaCitance
changeACg due to a change in gating charge movement
AC. = C’ (1) associated with a voltage step from the holding potential of
0 V' =V’ —82 mV to membrane potenti&,, can then be expressed
1+ GX4S> as

whereC’ is the maximum capacitance change at depolar- ACs = Cg(Vy) — Co(Vh)
ized potentialsSis the slope factor andl” is the potential

Qe 1 1
T4 Vo — V| Ve +82mV |’
cosh?l —==—] cosh?|l——=——
A i ineh-yo o Mgl O 2 2%
.“ » : " v-u *”'. o (3)
0.8 nA giving the total capacitance change
2ms
ACstep: ACO
1 1
+ % — . 4
433 h2 VG - Vm 5 VG + 82 m
COos T COos T

Eq. 4 gives a bell-shaped curve that fit the data points of the
terminal with large Na current (Fig. 5B, filled circles)
extremely well (Fig. 5B, solid line). The valuesvV’ and S
were fixed at—24 mV and 16 mV, respectively. Results for
free fit parameters wer€' = —26 fF, Qg = 12 fC, Vg =
—40 mV, andS; = 16 mV.

Eq. 4 was used to fit voltage-dependent capacitance
changes in all individual nerve terminals. FigA&hows the
FIGURE 5 Voltage-dependent capacitance in the absence and presentelation between, and gating charg®s. Becausely,
of Na* current. &) Whole-terminal currents elicited by 5-ms pulsest®2  decreased during the recording from an individual terminal
mV inquced no detegtable current in one terminabp(er tracg and a (see Fig. 3A) the mearl,, for each nerve terminal was used
strong inward current in the othelover trace. (B) Capacitance changes . . . .
ACqpfor the nerve terminal having no Nacurrent O) are well fitted with in the graph. The gating Charg@@ Obtamed as thejlt
Eq. 1 @ashed ling For the nerve terminal with large Nacurrent the ~ Parameter is clearly correlated with the size of the”Na
AC., (@) were well fitted with Eq. 4 golid line). current, indicating that nerve terminals with larger ‘Na

Biophysical Journal 80(3) 1220-1229
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A of Eq. 4. Its value was scattered betweeid and —45 fF
15 - and was correlated neither with the size of Naurrent nor
with the total terminal capacitance.

To obtain information on the kinetics of the charge move-
ments underlying the voltage-dependent capacitance, we
performed some experiments using different sine wave fre-
quencies in the same terminal. In these experiments, hyper-
polarizing pulses to—122 mV were given to minimize
contributions from phenomena other than'Nzhannel gat-
ing charges (see Fig.B). As expected, the voltage-depen-

T dent capacitance is also frequency dependent (Fig. 7). Fit-

Qs (fC)

00 02 04 06 08 10 ting the frequency ff dependence with a single Debye
Mean I, (NA) dispersion (Fernandez et al., 1983; Taylor and Bezanilla,
B 1979),
ACstep ACstep({ 1
20 Aéém A A A lha  Ina \1+ 2af7)?)"
0 c gave a time constant= 190 + 90 us, consistent with Na
> o )
€ channel kinetics in pituitary nerve terminals (Jackson and
-20 Vg Zhang, 1995).
-40 ‘f ‘: A, A
The slow capacitance decay
T T T T T T . .
00 02 04 06 08 10 TheT slow capacitance changes foIIov.vmg:Step measured .
during 10-s pulses were always negative (see Fig. 1). In Fig.
Mean I, (nA) 8 A the averaged.C,,, values from 10 nerve terminals are

plotted versus membrane potential. Th€,,, was largest
FIGURE 6 Correlation of fit parameters witQ,. (A) Gating charg®s  at potentials around-40 mV. Although this is close t¥g
obtained from fitting Eq. 4 increases with meanNd.inear regression ; ; ;
9 Eq 9 determined as described above €, the correlation

(solid line) gives a slope of 11.@ 1.3 fC/nA and an intercept of 22 0.4 . . .
fC. A fit using only the data points from terminals with, > 0.3 nA betweemcﬂow at this potentlal and Nacurrent amplIIUde

(dashed linggives a slope of 12.5 1.4 fC/nA and an interceptof 0.76 ~ Was We_ak- Withr. = —0.4 (Fig. 8B). Interestingly, the.
0.83 fC. B) Slope factor; (A) and the potential of the maximum change correlation coefficient was close to 1 at test potentials
Vg (A) are independent df, around 0 mV. This suggests th&a€,,,, is partly related to

Na" channel gating charges, but that other contributions are

currents contribute more WCgy, The data points are well
fitted by a straight line with a slope of 116 1.3 fC/nA. 500

When only the data points witly,, > 300 pA were used, the <
linear regression was consistent with a line through the £ 400
origin and a slope of 12.5 1.4 fC/nA. Presumably, the =
data points for terminals with smal|, are more sensitive to g 300
deviations of the additional effects that are assumed to have (<31 200 —
variable amplitude but always the same shape as in the 3
terminal with no detectablg,,. % 100 — O
As expected, the parametevs and S5 show no signif- £
icant dependence on the size of the*Neurrent and are 2 0 T T T T
remarkably constant (Fig. B). These parameters are deter- 0 500 1000 1500 2000
mined by the behavior of the gating charge in the electric Sine wave frequency (Hz)
field and should not depend on the number of Ndannels
present in the membrane. Their mean values \4te= FIGURE 7 Frequency dependence of voltage-dependent capacitance.
—429+1.2mV andSG =19.8+ 0.6 mV (SEM;n = 13), ACep,Was measured for a voltage step frerB2 to—122 mV. To include
respectively. date from terminals with different,, the capacitance changes were

, . . . normalized tol, amplitude measured just before the capacitance mea-
The paramete€ that described the size of the contribu- surement. The fit assuming a single Debye relaxatsmliq line) gave a

tion to ACgp, NOt due to Na channel gating charges ac- zero frequency value of 38& 120 fF/nA and a time constant of 190
cording to Eqg. 1 was included as a free parameter in the fibo us.

Biophysical Journal 80(3) 1220-1229
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voltage-dependent capacitance could not originate from cur-
rents through voltage-dependent channels.

598 + o The composition of solutions was chosen to minimize
+ % ¢ Ca" influx through L-type C&" channels such that exo-

>

%+ cytosis is not stimulated. If the capacitance changes were
20 the consequence of exocytosis, then we would expect that
they persist for some time after repolarization (Fidler Lim et
al., 1990; Giovannucci and Stuenkel, 1997; Hsu and Jack-
-40 — son, 1996; Lindau et al., 1992). However, the capacitance
100 50 o 50 changes observed during 2-s depolarizations were reversed
V_ (mV) instantaneously upon return to the holding potential (Fig. 2).
These results strongly suggest that the voltage-dependent
capacitance changes under these experimental conditions
A are not due to stimulation of exo- or endocytosis resulting in
changes of membrane area.
In chromaffin cells, capacitance measurements with an
A 868-Hz sine wave in the presence of the *Nehannel
blocker tetrodotoxin showed a transient capacitance in-
1.0 1 I I A 4 | crease following brief depolarizing pulses (Horrigan and
-100 .50 0 50 Bookman, 1994). The amplitude of this phenomenon was
V_(mv) correlated with the amplitude of pedk, When both the
m i o
capacitance change ahg, were measured giving a pulse to
FIGURE 8 Voltage dependence of slow capacitance decredpévf +20 mV a slope of 8.3 fF/nA was obtamed.(Horngan and
eragedAC,,,, values from 10 nerve terminal©] and from the terminal  BOOkman, 1994). It should be noted that this phenomenon
with no detectable Nacurrent @) are plotted versus membrane potential. reflects a change in capacitance after a pulse relative to
Error bars of mean values are SIR) (Correlation coefficients obtained paseline. Thus, both measurements were performed at the
from linear regression oACq,, Versusly, as in Fig. 3B obtained for - same potential. The transient capacitance increase under
different pulse potentials. " . . .
these conditions was attributed to a change in gating charge
movements due to inactivation with the decay to baseline
reflecting recovery from inactivation (Horrigan and Book-
present as well. In the presence of dibucaine (Fig. 4) and iman, 1994). Under these experimental conditions recovery
the nerve terminal of Fig. 5 that showed no™Neurrent, a  from inactivation was slow (0.6 s), presumably due to the
slow capacitance change was also present (Figop&n  presence of tetrodotoxin. We have not systematically inves-
circles), confirming contributions distinct from Nachan-  tigated capacitance changes after repolarization. Instead,
nel gating charges. our measurements were performed at quasi-steady-state at
various potentials. Under these conditions the movement of
gating charges directly contributes to membrane capaci-
tance (Fernandez et al., 1982).
DISCUSSION The voltage-dependent capacitance changes in nerve ter-
There are two main findings in the present study. First, theminals showed at least two kinetically distinct components.
membrane capacitance of pituitary nerve terminals is voltA rapid capacitance change that occurred following step
age dependent. Second, a significant contribution to thehanges in membrane potentiald,) was followed by a
voltage-dependent capacitance is due to movement of gagradual and slow capacitance decreasg(,,). ACgep,was
ing charges of voltage-activated Nahannels. clearly correlated with the amplitude of N&urrent present
Changes in membrane potential changed nerve termindh the nerve terminal (Fig. 3 andC). However, a voltage-
capacitance (see Figs. 1 and 2). During sine wave stimuladependent capacitance was also observed in a terminal that
tion (used in lock-in recordings) the currents from openhad no measurable Nacurrent (Fig. 5A).
voltage-gated channels can produce apparent capacitance
c_hanges (que, 1972; Debus et al,, 1995). With th_e bath an90Itage-dependent capacitance in the absence of
pipette solutions used here, the only voltage-activated CURa* currents
rent was a Na current (Fig. 1,bottom tracg that com-
pletely inactivated within 100 ms (time at which we mea- The changes observed in the absence of detectabfe Na
suredAC,). Capacitance changes were also observed aturrents were quite distinct from those observed in termi-
hyperpolarizing potentials at which no voltage-dependennals with a strong N current. The capacitance showed a
channels were activated (Figs. 2 andhp indicating that decrease by-60 fF with increasing depolarization between

AC,,, (fFF)

o
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0.5 —
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»
»
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—60 and 0 mV (Fig. 4B, open circle}. Besides Na  voltage-dependent capacitance was derived from thé Na
channels, pituitary nerve terminals have various other voltchannel gating currents at different pulse potentials. In squid
age-dependent channels including at least three types of Kaxon voltage-dependent capacitance due td Mhannel
channels (Bielefeldt et al., 1992; Thorn et al., 1991; Wanggating charges was also measured using frequency domain
et al., 1992a) and four types of €achannels (Lemos and admittance analysis (Fernandez et al., 1982). This method
Nowycky, 1989; Wang et al., 1997, 1999, 1992b). In ourclosely resembles the experimental conditions employed
experimental conditions all these channels were maximallyrere because capacitance measurements were made at
blocked or inactivated or both. However, following step steady state, 155 ms after a voltage step, and should be
changes in membrane potential the gating charges of theompared with our protocol wheraCg,, was measured
channels will still contribute the voltage-dependent capaciLl00 ms after the voltage step. As in the nerve terminals
tance. Presumably, all of these contribute to the voltagestudied here, the capacitance of the squid axon membrane
dependent capacitance in a complex manner. shows a bell-shaped curve as a function of membrane po-
tential and was attributed to the Nachannel gating
charges. For similar holding potentials, the voltage-depen-
dent capacitance in nerve terminals with strong Marrent
has a shape remarkably similar to that measured in squid
When a significant N& current was presenf\Cge, Was ~ axon (Fernandez et al., 1982) with a peak nedd mV and
clearly correlated with the amplitude of the Naurrent a decrease to about half the peak value ne@® mV.
(Fig. 3,B andC). The correlation was almost perfect in the  The frequency domain measurements in squid axon al-
range of membrane potentials froni70 to —20 mV. This  lowed for a thorough investigation of the kinetic properties
was consistent with a bell-shaped curved@.,versusv,, and showed that the frequency dependence of the voltage-
that showed a maximum near—40 mV (Figs. 4A and 5  dependent capacitance could be fit with a sum of two Debye
B). A correlation could appear accidentally if, for instance, relaxations corresponding to charge movements occurring
both phenomena are proportional to the total membrane areith two time constants (Fernandez et al., 1982). It should
of the nerve terminal. Interestingly, the correlation with be noticed, however, that one time constant was sufficient at
total nerve terminal capacitance is extremely poor (Fig. 3hyperpolarized potentials and that the measurements were
D), as is the correlation of Nacurrent amplitude with made at 7.5°C. The deviation from single-exponential be-
nerve terminal capacitance (data not shown). It is possibl@avior has recently been accounted for by applying Kram-
that the density of N& channels in the nerve terminal ers’ diffusion theory (Kramers, 1940) to the gating kinetics
membrane is extremely variable. Another possibility would(Sigg et al., 1999). Although non-exponential kinetics are
be that the nerve terminals used in individual recordingggenerally fitted better with a sum of two or more rather than
have a variable amount of axonal membrane attached t& single exponential, a single exponential with a single
them and that it is only the axonal membrane that containumped time constant may give a better and more robust
Na' channels. The experiments described here cannot diglescription of the average kinetics (Austin et al., 1975;
tinguish between these possibilities. Further evidence thdtindau and Rppel, 1983).
ACqepis due to N& channel gating currents is+provided by
the dibucaine experiments. _leucalne bIocks Naurrents Comparison of AC.,.. with properties of Na*
as well as Na channel gating currents (Gilly and Arm- ts in oituit step t inal
strong, 1980; Horrigan and Bookman, 1994). In the pres_curren S In pituttary nerve terminals
ence of dibucaine the capacitance change obtained with lda” currents in pituitary nerve terminals have been mea-
voltage step from—82 to —52 mV was undistinguishable sured in whole terminals as well as outside-out patches
from that observed in a nerve terminal that had no detect(Jackson and Zhang, 1995). The peak Nanductance is
able Na" current. half-maximal near—20 mV in whole terminals and near
In terminals with a significant NécurrentACstephas all  —30 mV in excised patches. Fitting of Hodgkin-Huxley
the properties expected for the movement of'Ndnannel model parameters revealed a time constgnof ~500 us
gating charges. The capacitance changes were well fittedround—60 mV. We studied the frequency dependence of
with Eg. 4 that assumed gating charge movement as exhe capacitance difference associated with a membrane po-
pected from a simple two-state barrier model (Taylor andential change from+-82 to —122 mV because in this range
Bezanilla, 1979). A strong positive correlation exists be-contributions from phenomena other than'Nzhannel gat-
tween the maximum gating char@g, and the N& current  ing charges are minimal. The voltage-dependent capaci-
amplitude (Fig. 68). The capacitance change is blocked bytance due to Nachannel gating currents at122 mV is~6
dibucaine. A bell-shaped relationship exists between capadines smaller than that at82 mV when the average values
itance and membrane potential (FigBpas found in frog for Vg andS; are used in Eq. 2. The difference thus mainly
skeletal muscle (Adrian and Almers, 1976) and squid gianteflects the capacitance due to gating charge movement at
axon (Armstrong and Bezanilla, 1973). In these studies;-82 mV. From the Hodgkin-Huxley parameters for Na

Voltage-dependent capacitance due to Na*
channel gating currents
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currents in rat pituitary nerve terminals (Jackson and Zhangdlmers, W., and E. W. McCleskey. 1984. Nonselective conductance in
1995) we estimate a value ef90 us for 7., at —82 mV calcium channels of frog muscle: calcium selectivity in a single pore.
m .

. . . J. Physiol. (Lond.)353:585—-608.
This value is close to the time constant of 1980 1S that Armstrong, C. M., and F. Bezanilla. 1973. Currents related to movement of

we obtained by fitting a Debye dispersion to the frequency the gating particles of the sodium channélsiture. 242:459—461.

dependence aACy, (Fig. 6). Armstrong, C. M., and F. Bezanilla. 1974. Charge movement associated
with the opening and closing of the activation gates of the Na channels.
. . . J. Gen. Physiol63:533-552.
Slow capacitance decay in nerve terminals Armstrong, C. M., and F. Bezanilla. 1977. Inactivation of the sodium

. . s channel. Il. Gating current experimengs.Gen. Physiol70:567-590.
The fast change in capacitance that occurs within 100 m ustin, R. H., K. W. Beeson, L. Eisenstein, H. Frauenfelder, and I. C.

after a membrane potentie_ll step is foII_owed by a SIOW  Gunsalus. 1975. Dynamics of ligand binding to myogloBinchemis-
capacitance decapCg,,, (Fig. 1). Following activation, try. 14:5355-5373.

Na" channels inactivate rapidly, and the inactivation pro-Bezanilla, F., E. Perozo, D. M. Papazian, and E. Stefani. 1991. Molecular
cess is associated with charge (Armstrong and Bezanilla, ba_5|s of gating charge immobilization in Shaker potassium channels.
1977; Bezanilla et al., 1991). In squid axon under condition Sclence254:679-683.

' e q o SBezaniIIa, F., R. E. Taylor, and J. M. Fernandez. 1982. Distribution and
of prolonged dep0|ar|zat'0n. tWO.'na_Ctlvatlon Processes OC- kinetics of membrane dielectric polarization. I. Long-term inactivation
cur, termed fast and slow inactivation, both of which are of gating currentsJ. Gen. Physiol79:21-40.
associated with changes in gating charge mobility (BezaBielefeldt, K., J. L. Rotter, and M. B. Jackson. 1992. Three potassium
nilla et al., 1982). Fast inactivation develops within a few Zgg”;f'%'?” rat posterior pituitary nerve terminalsPhysiol. (Lond.).
milliseconds V_Vhereas slow mactlvatlon.requwes Se‘,’era' Sec(fazalis, M., G. Dayanithi, and J. J. Nordmann. 1987. Hormone release
onds. At the timeACg,was measured in our experimental — from isolated nerve endings of the rat neurohypophyaisPhysiol.
protocol, fast inactivation was presumably complete. A (Lond.) 390:55-70.
subsequent charge immobilization on a slow time scaléole, K. S. 1972. Membranes, lons, and Impulses. University of California
associated with slow inactivation should manifest itself as a F;ress' Berkeley. o Kiie. and M. Linda. 1665, I f

; Debus, K., J. Hartmann, G. Kilic, and M. Lindau. 1995. Influence o
gradual capacitance decrease a,s Ob,seryed TG0 . conductance changes on patch clamp capacitance measurements using a
could thus correspond to the slow inactivation of the gating |ock-in amplifier and limitations of the phase tracking technigBia-
charge. Indeed, th&C,,,, also displayed a bell-shaped phys. J.69:2808-2822.
voltage dependence with the maximum effectat30 mV Fernandez, J. M., F. Bezanilla, and R. E. Taylor. 1982. Distribution and
; ; ; kinetics of membrane dielectric polarization. Il. Frequency domain
E)Flg. 7 /I:g Howevgr, In qontraSt t(ACSteP tl’lle.corl’el.atlcl)n studies of gating currentd. Gen. Physiol79:41-67.
etweenACy,,, andly, (Fig. 7 B) was weak, in particular Fernandez, J. M., R. E. Taylor, and F. Bezanilla. 1983. Induced capacitance
between—50 and—30 mV. Because a comparab,,, in the squid giant axon. Lipophilic ion displacement curredtsGen.
was also detected in a nerve terminal that had no measurablePhysiol. 82:331-346.
Na* current, other phenomena must contributembs,ow. Fidler Lim, N., M. C. Nowycky, and J. Bookman. 1990. Direct measure-
. P . _ment of exocytosis and calcium currents in single vertebrate nerve
_Presumably, these are sIovxilnactlvatlon Processes 0CCUITiNG;q minais Natare 344-449—451.
in voltage-gated K and C&" channels, which are present

. . ) o Gillis, K. D. 1995. Techniques for membrane capacitance measurements.
in the nerve terminal membrane in addition to voltage-gated In Single-Channel Recording, 2nd ed. B. Sakmann and E. Neher, editors.

Na* channels. Plenum Press, New York. 155-198.
Gilly, W. F., and C. M. Armstrong. 1980. Gating current and potassium
channels in the giant axon of the squBlophys. J.29:485—-492.

CONCLUSION Giovannucci, D. R., and E. L. Stuenkel. 1997. Regulation of secretory

. . . . . granule recruitment and exocytosis at rat neurohypophysial nerve end-
Using a lock-in amplifier we found that the capacitance in ings.J. Physiol. (Lond.)498:735-751.

pituitary nerve terminals is voltage dependent. A significantderrington, J., and R. J. Bookman. 1994. Pulse Control V4.3: Igor XOPs
part of the Voltage-dependent Capacitance is proportional to from Patch Clamp Data Acquisition. University of Miami Press, Miami.
the Na  current present in the nerve terminal. The voltageHorrigan, F. T., and R. J. Bookman. 1994. Releasable pools and the
and frequency dependence of this contribution suggests thatkmencs of exocytosis in adrenal chromaffin cellsleuron. 13:

iy i 1119-1129.
it originates from the voltage-dependent movement of Na Hsu, S.-F., and M. B. Jackson. 1996. Rapid exocytosis and endocytosis in

channel gating charges. nerve terminals of the rat posterior pituitaBiophys. J494:539-553.
Jackson, M. B., and S. J. Zhang. 1995. Action potential propagation and

This work has been supported by grants from the Deutsche Forschungs- ?rogﬁygs?glo?l_tzzgk)2%’3%'35_A£1rat posterior pituitary nerve terminals.
gemeinschaft (Li443/9-2) and the National Institutes of Health (1IRO1- ' T '

NS38200) to M.L. and by a Human Frontiers Science Program feIIowshipK"iC’ G., A. Stolpe, and M Linda_u. .1996' A slowly a_ctivating voI}tage—
to G.K. dependent K current in rat pituitary nerve terminalsl. Physiol.

(Lond.).497:711-725.
Kramers, H. A. 1940. Brownian motion in a field of force and the diffusion
REFERENCES model of chemical reaction®hysica.7:284-304.
Lemos, J. R., and M. C. Nowycky. 1989. Two types of calcium channels
Adrian, R. H., and W. Almers. 1976. The voltage dependence of membrane coexist in peptide-releasing vertebrate nerve termin&lsuron.
capacity.J. Physiol. (Lond.)254:317-338. 2:1419-1426.

Biophysical Journal 80(3) 1220-1229



Voltage-Dependent Capacitance in Nerve Terminals 1229

Lindau, M. 1991. Time-resolved capacitance measurements: monitoringaylor, R. E., and F. Bezanilla. 1979. Comments on the measurement of
exocytosis in single cellQuart. Rev. Biophys24:75-101. gating currents in the frequency domaBiophys. J.26:338—-340.
horn, P. J., X. Wang, and J. R. Lemos. 1991. A fast, transiéntitrent

Lindau, M., and E. Neher. 1988. Patch-clamp techniques for time-resolved . : h ;
in neurohypophysial nerve terminals of the rat. Physiol. (Lond.).

capacitance measurements in single c&fkigers Arch. Eur. J. Physiol. 432:313-326.

411:137-146.

) . . Wang, G., G. Dayanithi, S. Kim, D. Hom, L. Nadasdi, R. Kristipati, J.
Lindau, M., and H. Rppel. 1983. Evidence for conformational substates of Ramachandran, E. L. Stuenkel, J. J. Nordmann, R. Newcomb, and J. R.
rhodopsin from kinetics of light-induced charge displacem@itoto- Lemos. 1997. Role of Q-type &4 channels in vasopressin secretion

biochem. Photobiophy$:219-228. from neurohypophysial terminals of the rat. Physiol. (Lond.)502:

Lindau, M., E. L. Stuenkel, and J. J. Nordmann. 1992. Depolarization, 351-363.

intracellular calcium, and exocytosis in single vertebrate nerve endings¥vang, G., G. Dayanithi, R. Newcomb, and J. R. Lemos. 1999. An R-type
Biophys. J.61:19-30. Ca(2+) current in neurohypophysial terminals preferentially regulates

. oxytocin secretionJ. Neurosci.19:9235-9241.
Neher, E., and A. Marty. 1982. Discrete changes of cell membrane capaQNang’ G., P. Thorn, and J. R. Lemos. 1992a. A novel large-conductance

itance observed under conditions of enhanced secretion in bovine adre- ~ 2% __ i ateq potassium channel and current in nerve terminals of the

nal chromaffin cellsProc. Natl. Acad. Sci. U.S.A9:6712—-6716. rat neurohypophysisl. Physiol. (Lond.)457:47—74.

Sigg, D., H. Qian, and F. Bezanilla. 1999. Kramers’ diffusion theory Wang, X., S. N. Treistman, and J. R. Lemos. 1992b. Two types of
applied to gating kinetics of voltage-dependent chanriglsphys. J. high-threshold calcium currents inhibited lyconotoxin in nerve ter-
76:782—-803. minals of the rat neurohypophysis. Physiol. (Lond.)445:181-199.

Biophysical Journal 80(3) 1220-1229



